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Allergic airway diseases (AADs) are a group of heterogeneous disorder characterized by excessive T-helper type 2 (Th2) cytokine responses and abnormal airway inflammation and remodeling, including allergic rhinitis (AR), allergic asthma (AA), and chronic rhinosinusitis (CRS) with atopic nature. Since the world Industrial Revolution, the worldwide incidence of AR, AA, and CRS has significantly increased, resulting in a huge social and economic burden.\[[@ref1]\] Recent concept believes that although AADs are distinct in terms of clinical features and the lesion site, they may coexist in one individual epidemiologically and share some common underlying pathophysiological mechanisms, indicating "one/united allergic airway".\[[@ref1][@ref2]\] It is important to elucidate the common key regulatory factors and molecular events underlying AADs because any treatment on these "master switch" is superior to the traditional therapeutic modality. In this review, we would discuss the abnormal communication axis between epithelium-derived triple cytokines (interleukin \[IL\]-25/IL-33/thymic stromal lymphopoietin \[TSLP\])\[[@ref3]\] and circulating fibrocyte in the common pathogenesis of AADs.
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One/united allergic airway concept argues that the allergic diseases of upper and lower airway are not isolated, but they are a group of similar diseases with common allergic background. First, epidemiological studies showed that AR, AA, and CRS can coexist in the same patient. More than 40% of patients with AR had asthmatic symptoms; on the other hand, more than 80% of patients with AA suffered from symptomatic AR.\[[@ref4]\] Furthermore, CRS is often associated with the severity of asthma. Nearly 88% of patients with moderate-to-severe asthma have CRS-like symptoms and paranasal sinus CT scan showed that 100% of patients with hormone- dependent severe asthma combined with CRS.\[[@ref5][@ref6]\]

Second, AR, AA, and CRS share common immunopathological mechanisms. Antigen-specific IgE production, mast cell activation/degranulation, and significant eosinophil infiltration are all features present in patients with AADs.\[[@ref7]\] More importantly, Th2 cytokine response bias underlies different endotypes of AADs because excessive production of IL-4 (a cytokine that can promote cell surface IgE type conversion and Th2 cell activation), IL-5 (a cytokine that can promote eosinophil activation, recruitment, and differentiation), and IL-13 (a cytokine that can promote allergic inflammatory response and mucus formation) co-exists in patients with AR, AA, and CRS (especially CRS patients with nasal polyps \[CRSwNP\]).\[[@ref8][@ref9][@ref10]\]

Third, chronic inflammatory injury and abnormal remodeling of airway are the basic pathophysiological changes in AR, AA, and CRS. Previous studies have shown that there are some wound-healing events in asthmatic airways, which were characterized by mucosa epithelial apoptosis/erosion, goblet cell hyperplasia/hypertrophy, thickening of basement membrane, epithelial fibrosis, submucosal gland hyperplasia, mucus secretion, hyperplasia of smooth muscle hypertrophy, hyperplasia of blood vessels, etc.\[[@ref11][@ref12]\] Studies on the abnormal injury and repair of upper airway allergic diseases are relatively scarce. A previous study showed that abnormal epithelial cell phenotype (epithelial-mesenchymal transition \[EMT\], characterized by downregulation of E-cadherin and cytokeratin and upregulation of vimentin) exists in nasal mucosal tissue in patients with CRSwNP.\[[@ref13]\] In addition, the hyperplasia of goblet cells, excessive mucoprotein secretion, and thickening of basement membrane are all features in upper airways of CRSwNP patients, which significantly correlates with the severity and duration of the disease.\[[@ref13]\] Another study showed that increased mucosal/submucosal collagen and proteoglycan deposition and increased numbers of lymphatic vessels and length were significant in patients with mild or severe persistent AR, indicating that abnormal remodeling occurs in upper airways (nose) of patients with AR.\[[@ref14]\]

Collectively, we suggest that although AR, AA, and CRS differ in pathogenic site and clinical manifestations, they can coexist in the same individual and share the common pathogenesis. Excessive airway Th2-type cytokine production-induced abnormal wound-healing event may be the common pathway underlying the pathogenesis of AADs.
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The key regulatory factors and molecular events underlying abnormal airway wound-healing process in patients with AADs have not been well clarified. However, it is now hypothesized that epithelial-mesenchymal trophic unit-mediated communication between epithelial and mesenchymal cells plays a key role in the pathogenesis of AADs, and the communication media mainly depend on epithelium-derived triple cytokines, namely IL-25, IL-33, and TSLP.

Toll-like receptors (TLRs) expressed on epithelial cells can recognize structurally conservative pathogen-associated molecular patterns (PAMPs). Epithelial cells respond to PAMP--TLR interaction by secreting various immunocytokines, which further bind various potential target cells in the surrounding milieu and form communication links to induce innate or adaptive immune response.\[[@ref15]\] Epithelial-derived IL-25 (IL-17E) belongs to the family members of the IL-17 cytokines. IL-25, via binding with its heterodimer receptor (IL-17RA/IL-17RB) and activation of NF-κB signal pathway, plays a critical role in airway chronic inflammation and remodeling process in asthmatic patients by promoting the expression of Th2 cytokines (IL-4, IL-5, and IL-13).\[[@ref16][@ref17][@ref18]\] By nasal drip of IL-25, we successfully build chronic asthma mouse model that mimics the main features of classical ovalbumin (OVA)-induced chronic asthma model. We showed that IL-25 can induce airway hyperresponsiveness, promote peripheral blood and airway eosinophil infiltration, and promote the excessive production of IgE, Th2 cytokines (IL-4/5/13), fibrotic cytokines (transforming growth factor beta/connective tissue growth factor/insulin-like growth factor-1), and angiogenesis factors (amphiregulin, angiogenin, endothelin-1, transcription factor ERG, basic fibroblast growth factor, epidermal growth factor, and vascular endothelial growth factor). Furthermore, IL-25-treated mice showed airway mucosal epithelial shedding, goblet cell hyperplasia, and excessive subepithelial deposition of collagen I/III/V and fibronectin.\[[@ref19][@ref20][@ref21]\]

IL-33 belongs to the family of IL-1 cytokines, and its receptor complex contains 2 transmembrane proteins, namely, IL-1R1 (also known as ST2L) and il-1RAcP. When IL-33 binds to its receptor, it can activate the MyD88 and NF-κB pathways, thereby promoting the Th2 cytokine response.\[[@ref22]\] Previous study showed that the plasma level of IL-33 is elevated in patients with asthma.\[[@ref23]\] In accordance with this, we also showed that nasal administration with IL-33 can replicate the typical characteristics of the airway Th2 immune response and abnormal airway remodeling.\[[@ref24]\] Furthermore, IL-33 monoclonal antibody can significantly attenuate allergen-induced eosinophil infiltration, mucus oversecretion, and Th2 cytokine response in asthma mouse model.\[[@ref25]\]

TSLP is a member of the IL-2 cytokine family, and its high affinity receptor complexes are TSLPR and IL-7R. Previous study found that the expression of TSLP in airway epithelial cells in asthmatic patients was significantly increased compared with that of normal controls.\[[@ref26]\] OVA failed to induce airway inflammation and remodeling in TSLPR-defect mice, and reconstruction of CD4^+^ TSLPR^+^ cells could restore the OVA\'s effect on mouse airway inflammation and remodeling, indicating that TSLP plays an important role in abnormal asthmatic airway wound-healing process.\[[@ref27]\] Collectively, IL-25/IL-33/TSLP involves in airway inflammation and abnormal airway remodeling by inducing a Th2 immune response in patients with asthma and asthmatic animal models.

In view of the "one airway theory", many subsequent studies have focused on the role of IL-25/IL-33/TSLP in allergic upper airway disease (AR and CRS with allergic endotype). It was shown that TSLP mRNA level expressed in nasal polyp epithelial cells is remarkably increased in patients with CRSwNP.\[[@ref28]\] Furthermore, the expression levels of TSLP receptors in mucosal epithelial cells and subepithelial inflammatory cells were significantly increased in CRSwNP and CRS patients without nasal polyps,\[[@ref29]\] indicating a potential role of TSLP in the pathogenesis of CRS. Another study showed that IL-25 in nasal epithelial cells was significantly upregulated in CRSwNP mouse model, and IL-25 neutralizing antibodies can significantly reduce the number of polyps; attenuate mucosal edema, collagen deposition, and inflammatory cell infiltration; and reduce airway expression of CCL11/CXCL2/ICAM (intercellular cell adhesion molecule-1/vascular cell adhesion molecule-1), indicating a potential correlation between IL-25 and upper airway inflammation and remodeling.\[[@ref30]\] Recently, one Chinese study showed that compared with the control group and noneosinophilic CRSwNP patients, the expression of TSLP/TSLPR/IL-7Ra and ST2L/sST2 in eosinophilic CRSwNP patients was significantly increased, while the expressions of IL-33 and IL-25/IL-17RB were all upregulated in both noneosinophilic-CRSwNP and eosinophilic-CRSwNP patients.\[[@ref31]\] Furthermore, the expression level of TSLP/TSLPR/ST2L was positively correlated with the patients' symptoms, the sinus CT score, and the expression of Th2 cytokines, suggesting that the triple epithelium-derived cytokines (IL-25/IL-33/TSLP) may play an important role in the upper airway changes in certain subgroups of CRSwNP patients.\[[@ref31]\] Another study found that the serum level of IL-33 and IL-33R (ST2L) in nasal epithelial cells in patients with AR was significantly elevated, indicating that IL-33/ST2 pathway may be a novel potential interventional target for AP patients.\[[@ref32]\] In addition, a previous study also suggested that IL-33/ST2 and TSLP/TSLPR participate in the acute-phase response of AR by modulating IgE production and nasal T~h2~ activation.\[[@ref33]\] Specifically, IL-33/ST2 can mediate early nasal Th2 immune response after allergen exposure, while TSLP/TSLPR and IL-33/ST2 pathways are both involved in the Th2 immune response of chronic AR.\[[@ref33]\] In conclusion, IL-25/IL-33/TSLP may also participate in the upper airway inflammation and remodeling process of patients with AP and CRS.
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The underlying mechanisms of IL-25/IL-33/TSLP on chronic airway inflammation and remodeling of AADs still remain largely unknown. This depends on further interpretation of IL-25/IL-33/TSLP-targeted cells. Abnormal epithelial-mesenchymal communication in AADs depends on IL-25/IL-33/TSLP expressed by the damaged and activated epithelial cells, while IL-25/IL-33/TSLP requires targeted cells expressing their corresponding receptors to exert their functions. Generally speaking, cells residing in airway mucosa can be divided into infiltrated inflammatory/immune/remodeling cells and resident structural cells. Previous studies have found that a variety of different cell types can express IL-25 receptor (IL-17RB), including dendritic cells, eosinophils, smooth muscle cells, airway epithelial cells, and fibroblasts.\[[@ref34]\] It was also shown that IL-33 receptor (ST2) can be expressed by mast cells, macrophages, hematopoietic stem cells, natural killer T (NKT)-cells, eosinophilic/basophilic cells, innate lymphoid cells, and fibroblasts,\[[@ref35]\] while TSLP receptor (TSLP) can be expressed by CD4/CD8^+^ T-cells, B-cells, mast cells, NKT-cells, monocytes, eosinophils, smooth muscle cells, and airway epithelial cells.\[[@ref36]\] Thus, a variety of different structural and inflammatory cells can both express IL-25/IL-33/TSLP receptors, but which targeted cell plays a key role in the abnormal airway chronic inflammation and remodeling process in AADs is still unclear.

In our previous work, we found that bone marrow-derived circulating fibrocytes can also express the receptor of IL-25 (IL-17RB) and can respond to exogenous IL-25 (unpublished data). Fibrocytes are a group of mesenchymal stem cells/progenitor cells that have directional differentiation potential and enormous paracrine function. They can be isolated from peripheral blood mononuclear cells (PBMCs) and express cell surface marker of hematopoietic stem cells/myeloid cells (such as CD34, CD45, CD45RO, CD11b, and CD13) and cytoplasmic marker of type I collagen and alpha-smooth muscle actin.\[[@ref37]\] A previous study showed that the number of CD45^+^ CD34^+^ collagen1^+^-circulating fibrocytes was significantly increased in asthmatic patients with acute exacerbation and in patients with chronic obstructive asthma/uncontrolled asthma, indicating that recruitment of fibrocytes correlates with the endotype and severity of asthma.\[[@ref38]\] Various chemokines and cytokines (including the CCL2/5/11/19/24, CXCL12, and platelet-derived growth factor) can be secreted by airway epithelial cells, inflammatory cells (e.g., eosinophils, macrophages, and mast cells), and airway smooth muscle cells, which form a chemokine/cytokine concentration gradient and promote the migration process of fibrocytes from blood vessels into the diseased airway.\[[@ref39]\] We previously showed that the total number of IL-17RA^+^/RB^+^ fibrocytes in patients with asthma (especially GINA-high asthma) was significantly higher than that of healthy controls, and the recruitment of IL-17RA^+^/RB^+^ fibrocytes predicted poor lung function of asthmatic patients \[Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\]. This indicates that airway epithelial cells and circulating fibrocytes may form a communication pathway by IL-25--IL-17RB interaction and contribute to airway inflammation and abnormal remodeling.

![The number of circulating IL-17RA^+^/IL-17RB^+^fibrocytes in asthmatic patients was greater than that of control group. PBMC cells from peripheral blood of 25 asthmatic patients and 10 normal controls were isolated using lymphocyte separation medium. Then, anti-CD3 immunomagnetic beads were used to eliminate lymphocytes. The cells then received adherent culture for 2 h to remove the adherent cells. Nonadherent non-T PBMCs were marked with eFluor™-anti-CD45, FITC-anti-CollgenI, APC-antiCD217 (IL-17RA), PE-antiIL-17RB antibodies for flow cytometry analysis of CD45^+^CollgenI^+^IL-17RA^+^IL-RB^+^fibrocytes. (a) Gating with isotype control antibodies; (b) Gating with specific antibodies; (c) Comparison of CD45^+^CollgenI^+^IL-17RA^+^IL-17RB^+^fibrocytes between asthmatic patients and controls. Data were shown as mean ± standard error, *n* = 10 (controls) versus *n* = 25 (asthmatic patients), \**P* \< 0.001, unpaired *t*-test with Welch\'s correction. PBMCs: Peripheral blood mononuclear cells.](CMJ-131-1983-g001){#F1}

![(a) The number of CD45^+^CollgenI^+^ fibrocyte was significantly negatively correlated with FEV1/FVC in asthmatic patients, *n*=25, Spearman *r* correlation test, *P*\<0.05; (b) The number of CD45^+^CollgenI^+^ fibrocyte was significantly negatively correlated with FEV1/pred in asthmatic patients, *n*=25, Spearman *r* correlation test, *P*\<0.05. (c) The number of CD45^+^CollgenI^+^ IL-17RA^+^IL-17RB^+^fibrocyte was significantly negatively correlated with FEV1/FVC in asthmatic patients, *n*=25, Spearman *r* correlation test, *P*\<0.05; (d) The number of CD45^+^CollgenI^+^ IL-17RA^+^IL-17RB^+^ fibrocyte was significantly negatively correlated with FEV1/pred in asthmatic patients, *n*=25, Spearman *r* correlation test, *P*\<0.05. FVC: Forced vital capacity; FEV1: Forced expiratory volume in 1 s; pred: Predicted.](CMJ-131-1983-g002){#F2}
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Fibrocyte is an important effector cell that can mediate chronic airway inflammation and pathologic remodeling in AADs. On the other hand, IL-25/IL-33/TSLP is the key regulatory factor involved in the abnormal wound-healing process. Therefore, we propose a new idea that abnormal communication may exist between IL-25/IL-33/TSLP and fibrocyte, which forms a functional pathologic pathway (i.e., IL-25/IL-33/TSLP-\[IL-17RB^+^ ST2L^+^ TSLPR^+^\] fibrocyte axis) to exert the pathogenesis of airway changes in AADs \[[Figure 3](#F3){ref-type="fig"}\]. To further verify this hypothesis, we suggest that future studies should be focused on the following topics:\[[@ref1]\] building the biological sample library of AAD (AA/AR/CRS) patients and detecting the expression level of IL-17RB/ST2L/TSLPR on the circulating and airway fibrocytes;\[[@ref2]\] establishing chronic AA/AR/CRS mouse model, detecting the numbers of (IL-17RB/ST2L/TSLPR)^+^ fibrocytes, assessing their correlation with airway/nasal mucosal inflammation, airway/nasal mucosa remodeling and basement membrane (degree of fibrosis or smooth muscle layer thickness); exploring whether neutralizing antibodies against IL-17RB/ST2L/TSLPR could attenuate airway inflammation and remodeling;\[[@ref3]\] and establishing a co-culture system between airway/nasal mucosal epithelial cells and fibrocytes to explore the potential role of IL-25/IL-33/TSLP in the abnormal epithelial--mesenchymal communication *in vitro*. By emphasizing the above questions, we will further clarify the underlying key molecular events and functional pathways contributing to the abnormal airway wound-healing process in the AADs (AA/AR/CRS). This will provide a potential new interventional target for the common treatment of the heterogeneous diseases sharing similar pathogenesis.

![Schema diagram illustrating the hypothesis that IL-25/IL-33/TSLP-(IL-17RB/ST2L/TSLPR)^+^fibrocyte axis modulates epithelial--mesenchymal crosstalk in AADs. Damaged or activated nasal/airway mucosal epithelial cells can secrete excessive amount of cytokines (including IL-25, IL-33, and TSLP) that can promote type Th2 immune response. These cytokines form a chemotaxis gradient in local airway milieu and promote the recruitment of bone marrow-derived circulating fibrocytes which express IL-25/IL-33/TSLP receptors (IL-17RB/ST2L/TSLPR). Abnormal epithelial--mesenchymal interaction will be mediated by the functional IL-25/IL-33/TSLP-(IL-17RB/ST2L/TSLPR)^+^fibrocyte axis. Activated fibrocytes can further differentiate into collagen-productive myofibroblasts. In addition, fibrocytes can promote the abnormal airway remodeling by their powerful paracrine functions, which ultimately induce epithelial cell damage, basement membrane thickening, lamina propria collagen deposition/fibrosis, submucosal gland hyperplasia, and hypertrophy and hyperplasia of airway smooth muscle and blood vessels. Thus, targeted therapy against IL-25/IL-33/TSLP-(IL-17RB/ST2/TSLPR)^+^fibrocyte axis may be the novel strategy for the common treatment of refractory AADs. IL: Interleukin; TSLP: Thymic stromal lymphopoietin; AADs: Allergic airway diseases.](CMJ-131-1983-g003){#F3}
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We suggest that IL-25/IL-33/TSLP-(IL-17RB/ST2/TSLPR)^+^ fibrocyte axis may exist in the core pathogenesis of AADs and may serve as the master switch for the abnormal airway inflammation and remodeling in AADs. Thus, patients with refractory AADs would benefit from targeted therapy against IL-25/IL-33/TSLP-(IL-17RB/ST2/TSLPR)^+^ fibrocyte axis in the future.
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